Supplementary Methods

Materials and other measurements.
All reagents were used as received from commercial suppliers without further purification. Analyses for C, H and N were carried out on a CE-440 elemental analyzer (EAI Company). Thermal gravimetric analyses (TGA) were performed under N 2 flow (100 ml/min) with a heating rate of 2 °C/min using a TASDT-600 thermogravimetric analyser (TA Company). Powder X-ray diffraction data (PXRD) were collected over the 2θ range 4-50 o on a Bruker Advance D8 diffractometer using Cu-Kα 1 radiation (λ = 1.54056 Å, 40 kV/40mA). XPS spectra were collected on a Kratos Axis Ultra X-ray photoelectron spectrometer equipped with an aluminium/magnesium dual anode and a monochromated aluminium X-ray source.
Single crystal Data and Details of the Structure Determination for MFM-300(V)
Single crystal X-ray structures were solved by direct methods and refined by full matrix least-squares on F 2 using the SHELXL software package. 1 Non-hydrogen atoms were refined with anisotropic displacement parameters during the final cycles. Hydrogen atoms on the organic ligands were calculated in ideal positions with isotropic displacement parameters 1.2 times to those of parent carbon atoms. The hydrogen atom on the hydroxyl group was located from the electron difference map with isotropic displacement parameters 1.5 times to those of parent oxygen atom, and the O-H bond length was restrained to have a value of 0.85 Å. It is worth noting that usually in X-ray crystal structure analysis, it is very difficult to locate hydrogen atoms from the residual electron map. However, in this case, the positions of hydrogen atoms from the residual electron map can be readily identified. Moreover, the position of the hydrogen atoms has been further confirmed from neutron diffraction analysis.
Neutron Powder Diffraction (NPD) Experiments and Structure Determination.
Neutron Powder Diffraction experiments were carried out at WISH, a long wavelength powder and single crystal neutron diffractometer at the ISIS Facility at the Rutherford Appleton Laboratory (UK). The instrument views a solid methane moderator providing a high flux of cold neutrons with a large bandwidth, transported to the sample via an elliptical guide. The WISH divergent jaws system allows for tuning the resolution according to the need of the experiment; in this case, it was setup in high resolution mode. The WISH detectors are 1m long, 8mm diameter pixellated 3He tubes positioned at 2.2m from the sample and arranged on a cylindrical locus covering 10-170 degrees in 2 theta scattering angle. To reduce the background from sample environment, it is equipped with an oscillating radial collimator that defines a cylinder of radius about 22mm diameter at 90 degrees scattering.
The sample of desolvated MFM-300 (V   III   ) was loaded into a cylindrical vanadium sample container with an indium vacuum seal and connected to a gas handling system. The sample was degassed at 10 -7 mbar and 100 °C for 1 day to remove any remaining trace guest water molecules. The temperature during data collection was controlled using a helium cryostat (7 ± 0.2 K). The loadings of CO 2 were performed by volumetric method at ambient temperature, in order to ensure that CO 2 was present in the gas phase when not adsorbed and also to ensure sufficient mobility of CO 2 inside the crystalline structure of MFM-300 (V   III   ) .
NPD data were collected for the bare material, and the material dosed with 1.0 and 2.0 CO 2 per vanadium.
The sample was then slowly cooled down to 7 K to ensure CO 2 was completely adsorbed with no condensation in the cell. Sufficient time was allowed to achieve thermal equilibrium before data collection.
Rietveld refinements on the NPD patterns of the bare MOF and the samples with various CO 2 loadings were performed using the TOPAS software package. The initial Fourier difference maps were used to find the isosurfaces of the three-dimensional difference scattering-length density distribution for CO 2 molecules. In this treatment the CO 2 molecules were treated as rigid bodies; we first refined the centers of mass, orientations, and occupancies of the adsorbed CO 2 
DFT Calculation for INS spectra
Modelling by Density Functional Theory (DFT) of the bare and CO 2 -loaded MOFs was performed using the Vienna Ab initio Simulation Package (VASP). 2 The calculation used Projector Augmented Wave (PAW) method 3, 4 to describe the effects of core electrons, and Perdew-Burke-Ernzerhof (PBE) 5 implementation of the Generalized Gradient Approximation (GGA) for the exchange-correlation functional. Energy cutoff was 900eV for the plane-wave basis of the valence electrons. The lattice parameters and atomic coordinates determined by NPD in this work were used as the initial structure. Some of the CO 2 sites have partial occupancy, and to account for this properly a supercell calculation would be desirable, but too costly in practice. Instead, a single unit cell was used and the partially occupied sites were modified to be either occupied or unoccupied, according to their local environment and symmetry (there needs to be either a complete CO 2 molecule or no molecule, and the overall probability of being occupied needs to be proportional to the actual occupancy). The total energy tolerance for electronic energy minimization was 10 -8 eV, and for structure optimization it is 10 -7 eV. The maximum interatomic force after relaxation was below 0.005 eV/Å. The optB86b-vdW functional 6 for dispersion corrections was applied. The vibrational
